The bICP0 protein encoded by bovine herpesvirus 1 stimulates productive infection and viral gene expression but inhibits interferon (IFN)-dependent transcription. bICP0 inhibits beta IFN (IFN-␤) promoter activity and induces degradation of IFN regulatory factor 3 (IRF3). Although bICP0 inhibits the trans-activation activity of IRF7, IRF7 protein levels are not reduced. In this study, we demonstrate that bICP0 is associated with IRF7. Furthermore, bICP0 inhibits the ability of IRF7 to trans-activate the IFN-␤ promoter in the absence of IRF3 expression. The interaction between bICP0 and IRF7 correlates with reduced trans-activation of the IFN-␤ promoter by IRF7.
Bovine herpesvirus 1 (BHV-1) is a significant bovine pathogen, as BHV-1 infection leads to conjunctivitis, pneumonia, genital disorders, abortions, and "shipping fever," an upper respiratory tract infection (32) . Infection of bovine cells (7) or calves (34) leads to rapid cell death and an increase in apoptosis. As with other Alphaherpesvirinae subfamily members, viral gene expression is temporally regulated in three distinct phases: immediate early (IE), early (E), or late (L) (19) .
BHV-1-encoded bICP0 (18) , herpes simplex virus type 1 ICP0 (9) (10) (11) (12) 21) , and equine herpesvirus 1 ICP0 (5, 6) contain a C 3 HC 4 zinc RING finger near their N termini that is necessary for activating productive infection. A single cysteine-toglycine mutation in the zinc RING finger of bICP0 reduces the growth potential and virulence of BHV-1 in infected calves (30) , suggesting that this domain is crucial for bICP0 functions. The intact zinc RING finger of bICP0 is also necessary for the trans-activation of heterologous promoters (18, 37) . ICP0 (13-15, 24, 25) and bICP0 (18, 27) localize to and alter promyelocytic leukemia (PML or ND10 bodies) protein-containing nuclear domains by inducing degradation of specific proteins associated with these structures. The C 3 HC 4 zinc RING fingers of bICP0 (8) and ICP0 (3, 4, 33) possess intrinsic E3 ubiquitin ligase activity. Consequently, bICP0 and ICP0 can induce degradation of certain proteins via the ubiquitin-dependent proteolysis pathway (13, 15, 20, 28) .
Interferon (IFN) regulatory factor 7 (IRF7) was originally identified as a protein that binds and represses the EpsteinBarr virus Qp promoter (36) . IRF7 stimulates alpha/beta IFN (IFN-␣/␤) expression (2, 23) and is an important regulator of the innate immune response (17) . Like IRF3, IRF7 undergoes virus-induced activation and phosphorylation at its C terminus (2, 22, 31) . Phosphorylation of IRF7 promotes retention in the nucleus, binding to sequences in promoters of IFN-responsive genes (IFN-stimulated response elements), and interactions with IRF3.
Our previous studies demonstrated that bICP0 inhibited IFN-␤ promoter activity and that IRF3 levels were reduced in the presence of bICP0 (16, 29) . Although bICP0 inhibited the ability of IRF7 to stimulate IFN-␤ promoter activity (29) , it was not clear whether bICP0 had a direct effect on IRF7 or if reduced IRF3 levels inhibited the trans-activation potential of IRF7. To test whether IRF7 could trans-activate the IFN-␤ promoter and whether bICP0 was able to inhibit IRF7's transactivation potential in the absence of IRF3, undifferentiated embryonic teratocarcinoma (P19) cells were used. P19 cells do not express a detectable level of IRF3 or IRF7 (data not shown), which is common for many undifferentiated teratocarcinoma cell lines (35) . P19 cells were transfected with plasmids expressing IRF7 (pcDNA3.1-IRF7) and bICP0 (pCMV-tag2c-bICP0), and IFN-␤ promoter activity was measured. Basal IFN-␤ promoter activity is low in P19 cells unless IRF3 or IRF7 is transfected into these cells (35) . Transfection of a plasmid expressing IRF7 with the IFN-␤ promoter construct stimulated IFN-␤ chloramphenicol acetyltransferase (CAT) promoter activity in P19 cells approximately threefold compared to transfection of an empty vector with the IFN-␤ promoter (Fig. 1A) . Although there was less trans-activation of the IFN-␤ promoter in P19 cells than in other cell types we examined (29) , the results were consistent and may reflect the lack of detectable levels of IRF3 and IRF7 in P19 cells. As observed for other cell types (16, 29) , bICP0 inhibited the ability of IRF7 to stimulate IFN-␤ promoter activity in P19 cells. Furthermore, bICP0 did not reduce IRF7 protein levels in P19 cells (Fig. 1B) , which was consistent with results of a previous study (29) . As expected, bICP0 was detected only in p19 cells trans-fected with a wild-type (wt) bICP0 construct (Fig. 1C) . The studies in Fig. 1 suggested that IRF7 trans-activated IFN-␤ promoter activity in the absence of IRF3, and bICP0 inhibited the trans-activation potential of IRF7.
To test whether bICP0 interacted with IRF7, Flag-tagged bICP0 and IRF7 expression vectors (pCMV-tag2c-bICP0 and pcDNA3.1-IRF7, respectively) were cotransfected into P19 cells. Forty-eight hours after transfection, nuclear extracts were prepared and IRF7 immunoprecipitated (IP) using an anti-IRF7 antibody. In the IRF7 immunoprecipitate, Flagtagged bICP0 was detected by immunoblotting using a polyclonal antibody to bICP0 ( Fig. 2A, lane 4) or a mouse monoclonal anti-Flag antibody (data not shown). This band was specific because it was not detected when IRF7, but not bICP0, was expressed in P19 cells (lane 3). When nuclear extracts were IP with the anti-Flag antibody to IP bICP0, several diffuse bands, in addition to the immunoglobulin G heavy chain, were detected when the Western blot was probed with the anti-IRF7 antibody (Fig. 2B , lane 2). These bands migrated at a molecular weight similar to that for IRF7 and were absent in extracts prepared from cells that were not transfected with the IRF7 expression plasmid (Fig. 2B, lane 1) . As shown in Fig. 1B , bICP0 expression had little or no effect on IRF7 protein levels in transfected P19 cells (Fig. 2C) .
To further explore interactions between bICP0 and IRF7, confocal microscopy was performed. bICP0 localized primarily to punctate structures in the nucleus of human 293, bovine 9.1.3, or P19 cells (Fig. 3) . These punctate structures may be ND10 bodies, because bICP0 and ICP0 are known to associate with ND10 bodies (18, 27, 37) . Approximately 50% of bICP0-positive P19 cells contained bICP0 that appeared to colocalize with ND10 bodies, which was a lower percentage than that for other cell lines we examined. In many bICP0
ϩ cells (293, 9.1.3, or P19), staining with the IRF7 antibody appeared to colocalize with bICP0 staining. In most cells in which bICP0 was not detected, the subcellular localization of IRF7 was generally more diffuse and was not preferentially localized with punctate nuclear structures.
To test whether nuclear localization of bICP0 was necessary for colocalizing with IRF7, a C-terminal deletion mutant of bICP0 (⌬NcoI) (18, 37) that lacks the nuclear localization signal (NLS) (Fig. 4A ) was cotransfected with a plasmid expressing IRF7. As expected, the bICP0 protein that lacked a NLS (the ⌬NcoI construct) was localized to the cytoplasm in 293 cells (Fig. 4B ) and other cell types (37) . IRF7 was detected both in the cytoplasm and in the nuclei of cells that expressed the ⌬NcoI mutant, suggesting that nuclear localization of bICP0 was important for colocalization with IRF7 (Fig. 4B) . Finally, immunoprecipitation studies failed to detect a stable interaction between the ⌬NcoI mutant and IRF7 in transiently transfected cells (data not shown).
To test whether the ⌬NcoI mutant inhibited IRF7-induced IFN-␤ promoter activity, transient transfection assays were performed. The ⌬NcoI mutant and the empty vector inhibited IRF7-induced IFN-␤ promoter activity less efficiently than wt bICP0 (Fig. 4C) . As another comparison, we tested two bICP0 transposon insertion mutants (N and O) that were unable to impair IRF7 induction of IFN-␤ promoter activity (29) . The transposon insertion mutants, like the ⌬NcoI mutant, did not inhibit IRF7 mediated trans-activation of the IFN-␤ promoter.
Although we observed limited colocalization of bICP0 and IRF7 during productive infection by confocal microscopy (Fig.  4D) and immunoprecipitation experiments (data not shown), interactions between IRF7 and bICP0 were not as clear-cut as those in transfected cells. There appear to be several possible reasons that the association between bICP0 and IRF7 was not obvious during productive infection. First, BHV-1 induces nuclear and cellular damage, which may alter subnuclear structures. Second, bICP0 may interact with additional viral or virus-induced proteins during productive infection, and these interactions may influence IRF7 subcellular localization. Third, it is possible that additional viral proteins interacted with IRF7 during productive infection and that, consequently, the majority of IRF7 does not localize to subnuclear structures. Finally, we have more difficulty ex- ). An empty vector (pcDNA3.1) was used as a negative control and to maintain equivalent amounts of DNA in the each transfection. Cell extract was collected after 40 h of transfection and analyzed for CAT activity as previously described (16, 30), using 0.2 Ci (7.4 kBq) [ 14 C]chloramphenicol (catalog no. CFA754; Amersham Biosciences) and 0.5 mM acetyl coenzyme A (catalog no. A2181; Sigma). Levels of CAT activity were expressed as the change in induction compared to the vector control. Data are the means of results of at least three experiments. Error bars show the standard errors for triplicate transfections. The IFN-␤-CAT plasmid contains a minimal human IFN-␤ promoter (positions Ϫ110 to ϩ20) upstream of the bacterial CAT gene and was obtained from Stavros Lomvardas (Columbia University, New York, NY). The IRF7 expression construct was obtained from Luwen Zhang (University of Nebraska). The plasmid pCMV2C-bICP0 expresses Flag-tagged wt bICP0 under the control of the human cytomegalovirus promoter (18) . (B) P19 cells were transfected with the designated plasmids, and at 48 h after transfection, Western blot assays were performed as previously described (16, 30) . For each lane, 50 g protein in a wholecell lysate was loaded. The positions of IRF7 and ␤-actin are indicated. For panels showing bICP0 protein expression, 100 g protein was loaded. were cotransfected with plasmids expressing Flag-tagged bICP0 (1.0 g) and IRF7 (1.0 g) using TransIT (Mirus) or Lipofectamine (Invitrogen). Forty hours after transfection, cells were fixed in 4% formaldehyde and stained for confocal microscopy as described previously (29, 37) , using the primary antibodies described for Fig. 2 . IRF7 was probed with rabbit polyclonal anti-IRF7 and anti-rabbit Cy2 antiserum antibodies (green) (catalog no. 711-225-152; Jackson ImmunoResearch Laboratories, Inc.), and bICP0 with mouse monoclonal anti-Flag and anti-mouse Cy5 antibodies (red) (catalog no. 715-176-150; Jackson ImmunoResearch Laboratories, Inc.). Confocal micrographs represent Cy2, Cy5, merged, and phase contrast (DIC) images. Each panel is representative of many cells that were observed in three independent experiments. Arrows, staining with the IRF7 antibody appeared to colocalize with bICP0 staining in most bICP0-positive cells.
VOL. 83, 2009 NOTES 3979 tracting bICP0 from the nuclei of infected cells than from transfected cells. The results of this study suggested that nuclear bICP0 associated with IRF7 in the absence of other viral genes and, consequently, inhibited its activity. Furthermore, it appeared that bICP0 induced IRF7 to associate with nuclear structures that may be ND10 in transfected cells. Interactions between bICP0 and IRF7 may prevent IRF7 from interacting with the IFN-␤ promoter or with other proteins necessary for transactivating the IFN-␤ promoter. Finally, evidence was provided indicating that interactions between bICP0 and IRF7 did not require IRF3 expression, because IRF3 was not detected in P19 cells. At this point, we do not know whether bICP0 interacted directly with IRF7 or with a complex of proteins that contained IRF7. Regardless of whether bICP0 directly interacted with IRF7, bICP0 inactivated IRF7 by a different mechanism than IRF3, because bICP0 induces IRF3 degradation (29) and we were unable to detect an interaction between IRF3 and bICP0 (data not shown).
A recent study demonstrated that a bICP0 zinc RING finger point mutant virus grows poorly compared to the rescued virus when cells are pretreated with imiquimod (30), a known acti- FIG. 4 . bICP0 deletion mutant does not colocalize with IRF7. (A) Schematic of wt bICP0 and C-terminal deletion mutant. Previously, the ⌬NcoI mutant was shown to localize to the cytoplasm because it lacks a NLS (37) . (B) 293 cells were cotransfected with 1.0 g of a plasmid expressing the Flag-⌬NcoI bICP0 mutant and IRF7 using TransIT (Mirus). After 40 h of transfection, confocal microscopy was performed as described previously (29, 37) and in the legend to Fig. 3 . IRF7 was probed with rabbit polyclonal anti-IRF7 and donkey anti-rabbit Cy2 antibodies (green), and bICP0 with mouse monoclonal anti-Flag and donkey anti-mouse Cy5 antibodies (red). Confocal micrographs represent Cy2, Cy5, merged, and phase contrast (DIC) images. (C) 293 cells were cotransfected with the IFN-␤ CAT reporter plasmid (2.0 g), the IRF7 expression plasmid (2.0 g), and the designated bICP0 expression plasmid (4.0 g). An empty vector (pcDNA3.1) was used as a negative control and to maintain equivalent amounts of DNA in the each transfection. Cell extract was collected after 40 h of transfection, and CAT activity was measured as described for Fig. 1 . The lanes denoted N and O were transfected with plasmids expressing transposon insertion mutants of bICP0 that do not inhibit IRF7 induction of the human IFN-␤ promoter (37) . The N and O mutants contain a transposon insertion near the C terminus of bICP0 but not within the NLS. (D) The wt Cooper strain of BHV-1 was used to infect MDBK cells at a multiplicity of infection of 1. After 1 h of adsorption at 37°C, cells were rinsed with phosphate-buffered saline and then fed with Earle's modified Eagle's medium containing 10% fetal bovine serum. At 8 h after infection, cells were fixed, and confocal microscopy was performed as described previously (29, 37 ) and for Fig. 3 . NLS, nuclear localization signal. This work was supported primarily by two USDA grants (08-00891 and 06-01627). A National Institute of Allergy and Infectious Diseases grant (R21AI069176) to C.J. and a Centers of Biomedical Research Excellence grant (1P20RR15635) to the Nebraska Center for Virology also supported certain aspects of the study.
